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fer kinetics of several RCs are described in great detail,
there is no clear understanding of the mechanism by
which electron emission from the electronically excited
primary electron donor occurs. In addition, a detailed pic-
ture of the molecular mechanism of the inhibition of the
back reaction, which is probably due to a high exother-
mic reaction enthalpy pushing the system into the invert-
ed Marcus region (Bixon et al., 1993), is missing. To ad-
dress these questions, we aim at resolving details of the
functionally crucial electronic structure of transient
species in the electron transfer process with atomic se-
lectivity using spectroscopic methods.
The triplet quantum yield of the light-induced electron
transfer in quinone-blocked RCs depends on the
strength of the applied magnetic field. This magnetic field
effect has been qualitatively interpreted in terms of nu-
clear couplings affecting the mixing rate of the radical
pair (Blankenship et al., 1977; Hoff et al., 1977b). Polari-
sation of the electrons in the electron pair interacting with
nuclei has been observed by EPR spectroscopy (Hoff et
al., 1977a; for reviews, see Hoff, 1981, 1984). The corre-
sponding spin polarisation of the nuclei can be observed
by NMR spectroscopy via the photochemically induced
dynamic nuclear polarisation (photo-CIDNP). Photo-CID-
NP is well known from liquid NMR (for a review, see Hore
and Broadhurst, 1993). A reaction mechanism providing
photo-CIDNP in liquids has been described in terms of a
radical-pair mechanism (Kaptein, 1975, 1977). Photosyn-
thetic RCs are, however, too large to be investigated by
liquid NMR. The application of Magic Angle Spinning
(MAS) solid-state NMR spectroscopy allows the obser-
vation of photo-CIDNP in frozen samples of bacterial re-
action centres (Zysmilich and McDermott, 1994a, b,
1996; Matysik et al., 2000a, 2001) and of plant reaction
centres (Matysik et al., 2000b). The observation of light-
induced nuclear polarisation in the solid state is possible
since the relaxation time for nuclei is much longer than for
electrons. Jeschke (1997, 1998) proposed an electron-
electron-nuclear three-spin mixing interaction mecha-
nism to explain the earlier photo-CIDNP observations. In
this scheme a spin-correlated radical pair polarises nu-
clei with Zeeman frequencies close to the matching con-
dition corresponding with the difference of the Zeeman
energies of the two electrons. In that case, sign and in-
tensity of the photo-CIDNP signal would be related to the
electron-spin density localised at the particular nucleus.
Nuclear coherences caused by the sudden photo-gener-
ation of the spin-correlated radical pair have been indeed
observed by time-resolved EPR spectroscopy (Weber et
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Photochemically induced dynamic nuclear polarisa-
tion (photo-CIDNP) in intact bacterial reaction cen-
tres has been observed by 13C-solid state NMR under
continuous illumination with white light. Strong inten-
sity enhancement of 13C NMR signals of the aromatic
rings allows probing the electronic ground state of
the two BChl cofactors of the special pair at the mo-
lecular scale with atomic selectivity. Differences be-
tween the two BChl cofactors are discussed. Several
aliphatic 13C atoms of cofactors, as well as 13C atoms
of the imidazole ring of histidine residue(s), show nu-
clear-spin polarisation to the same extent as the aro-
matic nuclei of the cofactors. Mechanisms and appli-
cations of polarisation transfer are discussed.
Key words: Chlorophyll /Histidine /Photo-CIDNP /
Photosynthesis /Solid-state NMR.
Introduction
Conversion of light to chemical energy in photosynthesis
is associated with charge separation across photosyn-
thetic membranes. In photosynthetic reaction centres of
purple bacteria, a complex chain of electron transfer re-
actions is initiated by ejection of an electron from the ex-
cited, strongly coupled bacteriochlorophyll a (BChl a)
dimer, the ‘special pair’ (P). Upon photo-excitation into its
first electronically excited singlet state, P* transfers with-
in 3 ps an electron to the primary acceptor, a bacterio-
pheophytin (BPhe) molecule. In a next step an electron is
transferred from BPhe to the primary quinone acceptor
QA in about 200 ps. Subsequently, in a much slower re-
action, taking about 100 µs, an electron is transferred
from QA to the final electron acceptor QB. This light-in-
duced electron transfer sequence is repeated after the
special pair has been re-reduced by a cytochrome. Al-
though both the spatial structure and the electron trans-
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al., 1996; Kothe et al., 1998). Sorting of nuclear spins can
occur by the very fast recombination of the triplet radical
pair, since the molecular triplet has left the electron-elec-
tron-nuclear three-spin system (Polenova and McDer-
mott, 1999). Additional polarisation may be obtained by
the different nuclear relaxation kinetics of the singlet and
paramagnetic triplet species (McDermott et al., 1998). A
triplet mechanism is unlikely since signals from the
BPheo are observed with high intensity (Zysmilich and
McDermott, 1994, 1996b; Schulten et al., unpublished).
Alternative mechanisms for solid-state photo-CIDNP
have been examined by van den Heuvel et al. (1994) and
Corvaja et al. (2000). A similar discussion of the photo-
CIDNP effect observed with liquid NMR for rigid organic
systems has been discussed by Wegner et al. (1999,
2001).
The strong enhancement of the NMR lines from photo-
chemically active regions in the RC protein complex pro-
vides a window on the ground-state electronic structure
and its changes during the electron transfer events on the
atomic level. The application of photo-CIDNP in conjunc-
tion with selective isotope labelling is particularly power-
ful since it combines two methods for enhancing intensi-
ty and selectivity. In addition, these experiments can help
to elucidate the mechanisms of how nuclear polarisation
is established by the electron transfer. Here we report
some recent photo-CIDNP data collected from natural
abundance and selectively 13C-labelled Rhodobacter
sphaeroides RCs. Their implications for understanding
the mechanisms of charge separation and photo-CIDNP
are discussed.
Results and Discussion
Photo-CIDNP in Natural Abundance Reaction
Centres
Figure 1A shows the 13C-MAS NMR spectrum of the nat-
ural abundance 13C in a sample of quinone-depleted re-
action centres of R. sphaeroides R26. The data were ac-
quired with a spinning frequency of 4.0 kHz in the dark at
a temperature of 220 K. The aliphatic response between
10 and 50 ppm is mainly from the apoprotein. The aro-
matic and olefinic signals between 110 and 140 ppm, and
the carbonyl signals around 170 ppm are very weak. With
continuous illumination, strong 13C NMR signals from
spin-polarised nuclei are observed (Figure 1B and C).
Carbon nuclei in the aromatic ring systems involved in
the photochemistry are enhanced by the photo-CIDNP.
Both enhanced-absorptive (positive) and emissive (nega-
tive) 13C NMR lines appear in the photo-CIDNP spectrum.
Several emissive signals (110.5, 106.8, 101.5, 97.8 and
95.8 ppm) are detected in the region of the methine re-
sponse of BChl a cofactors. Only signals in the aromatic
region are enhanced by photo-CIDNP, whereas no en-
hancement can be observed in the region of aliphatic car-
bons. The data shown in Figure 1B,C are similar to the re-
sults obtained for dense pellets of the same biological
system (Zysmilich and McDermott, 1996a). It is remark-
able that the emissive signals of the methine carbons
have very similar intensities. This indicates a rather ho-
mogeneous electron spin density distribution within the
macrocycles in the radical cation state, and is different
from the asymmetric electron spin density pattern ob-
served in photosystem II (Matysik et al., 2000b). Many of
the signals appear unresolved. Since more than four neg-
ative signals from methine carbons are observed at least
two different cofactor species are involved in photo-CID-
NP. To distinguish centrebands from sidebands, data sets
with different MAS frequencies of 3.6 and 4 kHz were ac-
quired (Figure 1B, C). In addition, it has been shown that
it is impossible to assign all signals to a single BChl mol-
ecule (Matysik et al., 2001). This provides evidence that
the photo-CIDNP response is composed of a complicat-
ed pattern of strongly overlapping absorptive and emis-
sive centre- and sidebands from more than just a single
BChl a cofactor of the special pair as suggested earlier
(Zysmilich and McDermott, 1996a).
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Fig. 1 13C MAS NMR Spectra of Natural Abundance Quinone-
Depleted Reaction Centres of R. sphaeroides R-26.
The spectra were acquired at 220 K in the dark (A) and using
continuous illumination with white light (B,C). The spinning fre-
quency around the magic angle was 3.6 kHz for the spectrum B,
and 4 kHz for the spectra A and C.
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The Involvement of Magnesium-Bound Histidine
The reaction centres of R. sphaeroides contain 20 histi-
dine residues. Histidine 173 of chain L and histidine 202
of chain M coordinate with the magnesium of the special
pair (P). Similarly, histidine 153 of chain L and histidine
182 of chain M are coordinated with the magnesium of
the accessory bacteriochlorophylls (Deisenhofer et al.,
1985). Zysmilich and McDermott (1994, 1996b) have
shown that signals from one or more histidine residues
can be detected in 15N photo-CIDNP data from reaction
centres of R. sphaeroides. These 15N signals are emissive
with similar intensity as the 15N signals from the cofac-
tors. Hence, an observation of 13C photo-CIDNP NMR
signals from histidine side chains should then also be
possible in a natural abundance sample. Very recently,
the 13C chemical shifts of a magnesium-coordinating his-
tidine side chain have been measured at 117 (δ-C), 135
(ε-C) and 125 ppm (γ-C) (Alia et al., 2001) (see Figure 2 for
nomenclature). The spectra in Figure 1B and C clearly
show negative signals at 118.5 and 134.0 ppm. The in-
tensity is on the same order of magnitude as the intensi-
ty of the emissive signals arising from the methine car-
bons. This leads us to assign these signals to the δ- and
ε-C atoms of a magnesium-bound histidine, probably the
axial ligand of a BChl a cofactor. A signal that can be at-
tributed to the γ-C, on the imidazole ring remote from the
magnesium-bound nitrogen, appears to be much weak-
er. The negative signals at 118.5 and 134.0 ppm have not
been discussed in the earlier work (Zysmilich and McDer-
mott, 1996a; Matysik et al., 2000a). This can be due to
lower spectral quality. To investigate whether the in-
crease of negative signals compared to the positive sig-
nals is caused by a stronger light intensity will be of high
interest in order to resolve the mechanism of photo-CID-
NP in the solid state.
The Electronic Structure of the Special Pair
Selective isotope labelling provides an excellent opportu-
nity to improve both the selectivity and the sensitivity of
the photo-CIDNP NMR experiment. In addition, two-di-
mensional photo-CIDNP dipolar correlation spectroscopy
can be performed, providing an unambiguous assign-
ment of the label response and a MAS NMR chemical shift
image of the electronic structure of photochemically
active parts at the atomic scale. Figure 3 shows a
[1,3,6,8,11,13,17,19-13C8]-BChl molecule. RC prepara-
tions with this labeling pattern in all BChl and BPhe cofac-
tors were investigated by MAS NMR (Figure 4). Spectrum
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Fig. 2 The Chemical Structure and IUPAC Numbering Scheme
of Histidine.
Fig. 3 Structure of a [1,3,6,8,11,13,17,19-13C8]-BChl Molecule.
The labelled positions are indicated with filled circles.
Fig. 4 13C MAS NMR Spectrum of Quinone-Reduced [1,3,6,8,
11,13,17,19-13C8]-BChl/BPhe Labelled Bacterial RC.
(A) Spectrum acquired in the dark with a spinning frequency 4
kHz. Spectra (B) and (C) were measured using continuous illumi-
nation with white light and spinning frequencies of 4 kHz (B) and
5 kHz (C). 
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A in Figure 4 was recorded for two days with Hartmann-
Hahn cross polarisation in the dark. Broad weak respons-
es from the labelled carbon atoms can be identified in the
aliphatic and the aromatic regions. Upon illumination,
strong signals appear at these positions. Spectra 4B and
C have been collected within 60 minutes. In the light the
strongest natural abundance signal at 15 ppm is barely
visible and can be used as an internal marker to quantify
the enhancement of the signal due to the photo-CIDNP.
While in the dark spectrum the signal has 2.5 times the in-
tensity of the signal at 54 ppm of a labelled carbon atom,
with illumination the signal at 54 ppm is approximately 35
times stronger than the signal at 15 ppm. Considering that
the signal at 54 ppm in the dark spectrum is probably as-
sociated with the signals from two cofactors superim-
posed on a background of the apoprotein, a rough esti-
mate of the enhancement factor due to the photo-CIDNP
effect of 200 to 300 is obtained for this experiment. Exper-
iments at different spinning frequencies (Figure 4B and C)
allow the identification of the centrebands. In a deconvo-
lution procedure with Lorentz functions, individual photo-
CIDNP signals were extracted (Figure 5). Based on the
chemical shifts, the response is assigned to two BChl,
probably of P, and the BPhe of the photochemically active
branch. The deconvolution shows that the chemical shift
differences between BChl molecules are significant.
Therefore, these data provide evidence that the two BChl
molecules of P are already electronically distinguished in
the electronic ground state. It is thus clear that photo-
CIDNP can yield information about the electronic struc-
ture of the ground state of the photochemically active
BChls in P at atomic resolution. A more detailed study,
providing clear assignments by 2-dimensional photo-
CIDNP experiments will be published soon (Schulten et
al., in preparation).
The Involvement of Aliphatic Atoms of the BChl
Macrocycle
The HOMO is expected to contain the unpaired electron-
spin density and this molecular orbital should reside pre-
dominantly in the aromatic system. Hence, the natural
abundance sample does not show signal enhancement
in the aliphatic region (Figure 1). Under natural abun-
dance conditions, the probability to find two 13C atoms
close to each other is very low. Therefore, no transfer of
polarisation to the aliphatic carbons can occur. In the se-
lective isotope-labelled sample the aliphatic carbons
show enhancement comparable to the aromatic carbons
(Figure 4). At this 13C-label concentration, aliphatic 13C
atoms can be polarised by neighbouring aromatic 13C
atoms. Therefore, in selectively isotope-labelled sam-
ples, the transfer of nuclear polarisation provides a tool to
study also the ground state electronic structure of atoms
in the neighbourhood of the aromatic system. On the oth-
er hand, at high isotope label concentrations, fast dissi-
pation of nuclear polarisation into the bath of interacting
nuclear spins destroys all nuclear polarisation. This ap-
pears to be the reason for the absence of polarisation in
the 1H spectrum (Zysmilich and McDermott, 1996a) and
in the 13C spectrum of uniformly 13C-labelled bacterial
RCs (data not shown). 
Polarisation Transfer
Here we have shown that not only the 13C-NMR lines of
aromatic carbon atoms of the BChl and BPhe cofactors
gain intensity by photo-CIDNP, but also carbon atoms
that are located near the aromatic system. The photo-
CIDNP enhancement of the aliphatic carbon nuclei of
the cofactors has not been observed in natural abun-
dance samples. Therefore, this enhancement must be
due to a nucleus-to-nucleus polarisation transfer. It has
not yet been clarified whether such polarisation transfer
is caused by Karplus-Fraenkel hyperfine interaction
(Karplus and Fraenkel, 1961) or by an alternative route.
Also the carbon nuclei in a magnesium-bound histi-
dine side chain gain photo-CIDNP enhancement. These
lines have also been observed in natural abundance
samples (Figure 1). The question arises by which mecha-
nism the carbon atoms in the proximity of the aromatic
system gain nuclear-spin polarisation. In order to explain
the observation of nuclear polarisation of nitrogen atoms
of histidine, an intermediate electron transfer to the axial
histidine ligand of a BChl cofactor has been proposed
(Soede-Huijbregts et al., 1998). On the other hand, there
is some overlap between the pz-orbitals of the BChl nitro-
gens and the τ-N atom of the axial histidine, which may
enable a direct polarisation transfer between both π-sys-
tems. This also would be in line with the data and assign-
ments by Zysmilich and McDermott (1996b), showing
that the signal from the τ-nitrogen at 201 ppm weakens
but does not vanish upon diluting the 15N-label concen-
tration. The signal of the π-nitrogen at 147 ppm, which is
far from the BChl, vanishes completely. This agrees with
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Fig. 5 Detailed View on the 13C-MAS NMR Spectrum of Figure
4C, Fitted with Lorentz Functions.
Signals labelled with ‘P’ and ‘I’ are assigned to BChl and BPhe,
respectively.
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the weakness of the signals of the γ-carbon in our exper-
iment with a natural abundance sample. 
Despite the current lack of knowledge of the exact po-
larisation pathways, we could show that the dissipation
of nuclear polarisation provides a tool for probing the
ground state structure, not only of the photochemically
active aromatic systems, but also for its surroundings.
This observation may provide the chance to use tailored
photochemically active molecules to explore surfaces
and cavities of membrane proteins by MAS NMR. 
Materials and Methods
Sample Preparation
RCs from R. sphaeroides R-26 were isolated by the procedure of
Feher and Okamura (1978), while RCs from wild-type R.
sphaeroides were isolated using the method of Feher and Oka-
mura with slight modifications. The removal of QA was done by
incubating the reaction centres at a concentration of 0.6 µM in
4% LDAO, 10 mM o-phenanthroline, 10 mM Tris buffer, pH 8.0,
for 6 h at 26 °C, followed by washing on a DEAE column. The re-
action centres were removed from the column by washing with
0.5 M NaCl in 10 mM Tris buffer, pH 8.0, containing 0.025% LDAO
and 1 mM EDTA (Okamura et al., 1975). Quinone reduction in the
RC was performed by addition of 75 mM sodium ascorbate fol-
lowed by freezing under illumination with white light with the
sample in the NMR probe in the magnet. Approximately 5 mg of
the RC protein complex embedded in LDAO micelles was used
for the NMR measurements. The [1,3,6,8,11,13,17,19-13C8]-
BChl/Bphe-labelled RC (Figure 3) was obtained with an incorpo-
ration rate of ca 60% by growth of R. sphaeroides WT in a stan-
dard medium supplemented with 1.0 mM [4-13C]-aminolevulinic
acid·HCl (COOHCH2CH213COCH2NH2; 100 mg), which was pur-
chased from Cambridge Isotope Laboratories (99% 13C-en-
riched). Details of the labelling strategy will be published else-
where (Schulten et al., in preparation).
MAS-NMR Measurements
NMR experiments were performed with MSL-400 and DMX-400
NMR spectrometers (Bruker, Karlsruhe, Germany) equipped
with a double-resonance magic angle spinning (MAS) probe op-
erating at 396.5 MHz for 1H and 99.7 MHz for 13C. The sample
was loaded into a 4- or 7-mm clear sapphire rotor and inserted
into the MAS probe. 13C MAS NMR spectra were obtained with
a spinning frequency νr=4 or 5 kHz at a temperature of 220 K. At
the start of the experiments, the sample was frozen slowly with
liquid nitrogen-cooled bearing gas, using slow spinning of
νr=600 Hz to ensure a homogeneous sample distribution against
the rotor wall (Fischer et al., 1992). To obtain spectra under illu-
mination, the sample was continuously irradiated from the side
of the spinning sapphire rotor. The light and dark spectra were
collected with a Hahn echo pulse sequence and TPPM proton
decoupling (Bennet et al., 1995). Typically, a recycle delay of 12
s was used. With the natural abundance samples, a total number
of 24 000 scans per spectrum were collected over a period of 24
h. An exponential line broadening of 70 Hz was applied prior to
Fourier transformation. With the [1,3,6,8,11,13,17,19-13C8]-
BChl/Bphe-labelled sample, the 1-D light spectra were recorded
within 10 minutes. For the 1-D light spectra, a line broadening of
25 Hz was used. All 13C-MAS NMR spectra were referenced to
the 13COOH response of solid tyrosine·HCl at 172.1 ppm.
The light illumination set-up has been described elsewhere
(Matysik et al., 2000a). An average value of about 50 photons per
second per RC has been estimated for the light excitation inten-
sity (Matysik et al., 2001). After improvements of the illumination
set-up, an increase of light intensity of about 20% was reached.
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